tracking the motion of the identified phase in bubble column reactor. The single radioactive particle emits γ-ray, and its movement in the column is tracked with the aid of arrays radiation detectors. In this study, Monte Carlo approach was programmed to reconstruct the particle tracer position socalled calibration map. The iterative reconstruction algorithms is used to generate and calculate the 2600 coordinates of calibration map from the number of photon counts from the ten NaI scintillation detectors. To validate the simulation precision, a spiral trajectory of radioactive particle inside the bubble column region consist of 84 grid point locations of the particle were applied. Calibration algorithm was developed for radioactive isotopes Au-198 and Sc-46 particle position verification and determination of statistical uncertainty from the introduction of a various number of primary photon emission. The result of the studies proved that higher number of particles used in the algorithm for position reconstruction gives more accuracy and we found that the Sc-46 obtains more accurate calculation and shows low statistical level than Au-198 particle. The outcome of this simulation based on random sampling from Monte Carlo N-Particle Extended (MCNPX) demonstrated that the calibration map could successfully be implemented in RPT technique to observe the dynamic movement of radioactive particle which represents the tracked media in the quadrilateral bubble column. S. Sipaun is with the Plant Assessment Technology Group, Industrial Technology Division, Malaysian Nuclear Agency, 43000 Kajang, Selangor, Malaysia (e-mail: susan@nuclearmalaysia.gov.my).
I. INTRODUCTION
Radioactive particle tracking (RPT) system requires high number of coordinates for calibration procedure to produce better measurement accuracy. Factors that influence accuracy are dimensions of the reactor, detectors efficiency, and number of detectors. To ensure this technique more efficient and accurate for possible use in large-scale pilot plants or even for more effective reconstruction in laboratory scale setup, there is a requirement of a position reconstruction algorithm that is fast to converge but does not compromise on accuracy. In recent decades, different kinds of position reconstruction algorithms have been developed to estimate particle position inside a reactor instantaneously. These algorithms include an optimized weighted regression scheme [1] , wavelet based filtering algorithm [2] , discrete element method approach [3] , a modified weight regression scheme [4] , [5] , cross-correlation method [6] , Monte Carlo approach [7] - [10] and more recently, the implementation of the optimization of particle position using the mesh adaptive direct search (MADS) algorithm [11] .
One of the single radioactive particle acts as a marker of an indicative element of the phase, whose velocity field in a flow reactor to be tracked, is tagged with a highly penetrative γ-emitting radionuclide such as Au-198, Sc-46, and Co-60 with specified gamma-ray energy 411 keV, 889 keV and 1137 keV, respectively. The γ-rays are detected by an array of scintillation detectors. The photon counts were recorded in each detector using multi-channel analyser depends on the distance of the scintillation detector to the particle and the amount of absorbing the material in the system between particle and detector. Instantaneous moving particles require shorter integration counting time. For each coordinate in time, the position of the particle is calculated from the number of counts in all the detectors. Simultaneously, particle positions are identified by monitoring the radiation intensities measured by fixed scintillation detectors around the reactor. This will require an earlier calibration mapping where each detector response as a function of position over the entire volume of the reactor.
A calibration method is needed to reconstruct the position of the radioactive particle precisely. The calibration allows relating the intensities calculated by the detector as a function of coordinates of the particle. Two methods have been widely applied to reconstruct the calibration map which is manual experimental run calibration and Reconstruction Algorithm of Calibration Map for RPT Techniques in Quadrilateral Bubble Column Reactor Using MCNPX Code reconstruction algorithms. Position reconstruction using a manual experimental run method by direct experimental measurements found to be impossible due to timeconsuming nature cause by tedious radioactive particle position changes for each measured counts since a large number of position is needed to get better resolution. Higher time is taken to calibrate all the position will increase the risks of being exposed to gamma radiation from the particle. In fact, invasive approach by introducing particle holder that holding radioactive particle at desired location into the vessel found to dramatically affect the accuracy of the photons count by the scintillation detectors. Monte Carlo approach based on discrete photon models provides excellent accuracy for determining the particle position if compared with other algorithms. These algorithms model real stochastic nature of photon transport based on estimating the total efficiency of a scintillation detector for photons emitted from single radioactive particle [10] . The intention of this research is to present the utilisation of the Monte Carlo N-Transport eXtended (MCNPX) in the determination of the calibration map using the reconstruction algorithm. Moreover, verification of the reconstruction algorithm for mapping counts into the particle position coordinates for non-invasive flow mapping of the hydrodynamics behaviour inside a quadrilateral bubble column reactor was carried out with an arrangement of ten (10) sodium iodide NaI(Tl) scintillation detectors.
II. MCNPX SIMULATION MODEL
MCNPX is the abbreviation for Monte Carlo N-Particle eXtended, which is an extension of MCNP. MCNPX version 2.6.0 which is compatible with MCNP5 can model particle transport of 34 particle types of nucleons and light ions [12] . The MCNPX code is designed to track different types of particles such as neutrons, electrons, γ-rays, and over a broad range of energies. This Monte Carlo radiation transport code was developed at the Los Alamos National Laboratory (LANL). The code obtains the solution of the problem by simulating discrete particle trajectories and visualising some features of their average characteristics.
The Monte Carlo approach is an extensively used simulation tool for radiation transport, mainly in situations where measurements are difficult or impossible, including gathering data for artificial neural networks input [13] - [16] . The Monte Carlo simulation approach makes it possible to calculate the efficiency and response function for detectors with better accuracy results [17] , since precise and specific data to describe the various parts constituents of the detector are provided, in good agreement with those obtained experimentally. The photon detection efficiency curve is not influenced by several parameters, such as uncertainty in the concentration of activity and gamma energy yield, decay correction or peak sum effect when calculated by simulation [12] .
Monte Carlo algorithms programmed to reconstruct the radioactive particle position by solving a minimization problem between measured counts and a rigorous phenomenal model was originally proposed by Beam [18] and after that applied by Larachi [7] . This model relates the position of the emitter to the number of counts acquired by each detector surrounding the system. The detectors measure different levels of radiation depending on the position of the emitter. By using an appropriate model, the exact location of the tracer can then be obtained. This method consists of the determination of solid angle for each detector and producing many random photon historical events. In this case, RPT techniques generally depend on unscattered γ-rays detection and enumeration which follow a straight line from radioactive particle to the detector wherein they contribute to the photo-peak fraction.
Theoretically, C, the number of photopeak photon emission counts, was recorded by a detector during a sampling time interval, T, from a source of radioactivity, A, placed at specified location (x,y,z) inside the column can be expressed by the following relationship [7] , [19] :
where υ is the number of emitted γ-rays per disintegration, εabs is the absolute detector efficiency, r is the distance between the radioactive particle and a point on the outer surface of the detector crystal, e1 the path length travelled by the γ-ray in the reactor, e2 the path length travelled by the γ-ray through the reactor wall, dΣ is an infinitesimal area around detector, and the thickness of the crystal in the direction given by vector r. Geometrical construction for the determination of the path length and the effective distance, d, travelled by the γ-ray photon emission in the column and the detector can be seen in Fig. 1 . Ω is the solid angle of the detector surface from the source and n is an external unit vector locally normal to dΣ. Additionally, µR, µw, and µD are the total mass linear attenuation coefficients of the column contents, the column wall, and the detector material, respectively. τ is the deadtime per recorded pulse, and φ is the peak-to-total ratio. µR, µw, µD, and φ depend on the γ-ray energy [20] . Fig. 1II . Illustration of the path followed by the photon releases from the radioactive source, A (x, y, z) to the detector throughout the volume at the specified detector.
III. METHODOLOGY

A. Calibration Map Reconstruction Algorithms
Generally, in Monte-Carlo based reconstruction, the intensities of the γ-rays emitted by radioactive particle at specified locations are documented by positioning scintillation detectors around the vessel during the calibration stage. The counts rate recorded by each detector is a complex function of the distance between the detector and the radioactive particle, the medium density inside of the reactor, and the solid angle, Ω subtended by the detector at the radioactive particle location. At the primary stage, the main objective of an RPT position reconstruction algorithm is to generate an accurate prediction of the spatial position A = (x, y, z) of radioactive particle from photon counts recorded by the set of strategically arranged scintillation detectors as shown in Fig. 1 .
The MNCPX code allows generating photon histories from a radioactive particle throughout the entire volume. The measurement conducted at this stage produced the distance-count map also known as calibration map for each and every detector, instantaneously. The distance-count map generated during this calibration phase then used to reconstruct the position of the radioactive particle as a function of time, instantaneously. Determination of particle position reconstruction (calibration map) involves the simulation works which is approximation process. To reduce statistical error, new algorithm need to be employed when determine the particle position while in experimental work.
Afterwards, in the real experimental phase of RPT techniques, the radioactive particle is allowed to flow spontaneously in the process system. The chosen radioactive particle used is almost similar in terms of hydrodynamic properties to the phase being tracked inside the reactor. Therefore, the particle mobility is assumed to approximate the motion of phase being tracked. The accurate estimation of radioactive particle positions from photon counts recorded by detectors in real experimental work using distance-count map obtained during the calibration phase is done by a position reconstruction algorithm.
The mapping is carried out by Monte Carlo calculation with parameters such as the γ-ray linear attenuation coefficient adjusted to fit photons count rates measured at a number of calibration positions. Preliminary work on the instantaneous position of the radioactive particle identification from an iterative reconstruction algorithm using Monte Carlo code is developed by Mosorov [10] . The first step of the reconstruction algorithm is to make sure the position of the radioactive particle is located inside the region of interest, following the original work by Mosorov [10] . For that the following criteria are checked: Once the criteria (4) are satisfied, it means that the radioactive particle is located lower than the upper intersection or higher than the lower intersection inside an interesting volume. Otherwise, the reconstruction position calculation will be stopped. In the following step, the similarities σj, j=1,..., Jmax, where Jmax is the number of simulated positions of the radioactive particle, between measured counts C i m and jth MCNPX simulated counts C i,j s , are calculated as follows:
Then, the sort procedure of the calculated similarity {σj}, j=1,…,Jmax is carried out. The result of the ordered set of similarity now achieved. The last step is calculation particle position A (x, y, z) as follows: 
where wi =σmin1/σmin i, i=1,2,3 is the similarity weight and σmin1, σmin2, and σmin3 are three first minimum data of the sorted series of the similarities {σj}, j=1,…,Jmax respectively.
B. Simulated Facilities
Assuming the simulated column is a Perspex ® acrylic glass quadrilateral column (density = 1.18 g/cm 3 ) with inner cross-section equal to 20 cm and wall thickness equal to 0.3 cm. The height of the column is 200 cm where initial water level fixed at 100 cm. The column is filled up with tap water in ambient pressure at room temperature. Ten units 2 inch x 2 inch (5.08 cm diameter x 5.08 cm long) Sodium iodide activated with Thallium, NaI (Tl) scintillation detectors (crystal density = 3.67 g/cm 3 ) are fixed around the bubble column as can been seen in Fig. 2 . The detectors are positioned on five planes alternately, and the distance between the neighbor planes is equal to 20 cm. Two detectors on each plane surround the column with 180º spacing. The arrangement of the detectors in each plane is shown in Fig. 2 . The distance between the surface of the detector and the column wall is an important parameter to determines the effectiveness maximum count rate when the particle is close to the detector. For all simulations, this distance is fixed to 1 cm equally. Chosen radioactive particle positions in one plane are illustrated in Fig. 3 , and a total number of these positions is equal to 100. The distance between two positions fixed at 2 cm. The distance between one plane to another plane is 4 cm which 2600 radioactive particle positions are introduced inside the column as can be seen in Fig. 4 . To run MCNPX simulation, prior works for creating the domain geometry developed using MCNP Visual Editor. This software used to generate cell and surface, setting importances, determined source and detector crystal points. By displaying the MCNPX input file for details finalisation, the design error could be reduced. The MCNP cell simulation geometry of radioactive particle tracking setup displayed in Visual Editor is shown in Fig. 5 .
This simulation used isotopes Au-198 and Sc-46 as the radioactive tracer. Au-198 emits γ-ray energies 0.412 MeV. However, Sc-46 emits dual γ-ray energies of 0.889 and 1.120 MeV. In simulations, these two γ-ray emitted by Sc-46 are selected by considering gamma radiation source with higher energy which is 1.120 MeV for a better signal response. Both radioactive particle activity is set up to 4 mCi. Two different isotopes introduced in this simulation study for further investigation on the performance and capability of both isotopes to be used in industrial applications. In addition, both radioisotopes are the best tracer candidate because of its desirable criteria such as short half-life, easy to produce, and much cheaper. The real NaI detectors saturate at rates about 10 5 counts/s. The activity produced by this tracer is that maximum count is 10000 counts/s, which gives less than the detector saturate when the particle is near the wall column and in front of the detector. The point description was also chosen to model the source since in practice, the source diameter is around 2-3 mm. To comply with all statistical checks, three sets of the detector count rates of simulated trajectory was fixed at N=10,000,000, N=8,000,000, and N=500,000 primary photon emissions corresponding to a selected integration time in the real experimental setup of approximately 900 ms, 720 ms, and 45 ms, respectively. Real-time intervals which are physically realistic in a real experimental setup only can be determined by the radioactive source activity strength produced. 
A. MCNPX Simulation Results
In this studies, MCNPX code was applied to calculate the map of counts containing the total of 2600 grid points as a function of the particle coordinates. In total, 26000 data sets have been obtained with respective ten detectors were used to map 2600 coordinates. The position of the particle radioactive illustrated in Fig. 4 was determined from the count intensities in all scintillation detectors. Fig. 6 shows the simulated data for one of the energy peaks for each one of the ten detectors versus the 2600 source position. The radioactive particle was positioned to the inner surface of which was held rigidly to a fixed coordinates (x,y,z) in each calculation. The calibration data was then calculated, where the exact location, A (x,y,z) of the tracer was readily known in the bubble column. The photo-peaks intensity detected by each detector was acquired by using MCNPX mathematical calculations.
Calibration algorithm was developed for radioactive particle position verification. In this case, a spiral trajectory of tracer particle inside the bubble column region consists of 84 grid point locations of the particle tracer were applied. Fig. 7, 8 , 9, and 10 shows the results of 2D and 3D reconstruction particle trajectory for Au-198 and Sc-46 for various primary photons emission N=10,000,000, N=8,000,000, and N=500,000, respectively. The result shows the true trajectory which is calculated from the MCNPX code and reconstructed trajectory which is calculated from simulated gamma-ray counts using one minima σmin1 and three minima σmin1, σmin2, σmin3 values as discussed earlier in (Eq. 6).
Theoretically, the maximum axial and radial errors of the tracer location in each plane from the chosen positions of the radioactive source should theoretically be equal to ±2 cm and ±1 cm respectively. However, from the reconstructed of chosen particle position simulations, the maximum overall error obtained for Au-198 and Sc-46 tracer particle is 5.12 mm and 5.19 mm, respectively. The maximum error is taking into account the uses of a various number of particle introduced in the simulation. These errors are likely to increase by reducing the number of particles that relates to reducing the real experimental integration time. Fast-moving particle transport in hydrodynamics systems required RPT techniques equipped with fast data acquisition to reduce the statistical errors. Enough number of particles captured by the detector crystal at suitable integration time is needed to obtain better set of data.
Fig . 7 and 8 shows the results of error plotted in both x and y directions for tracer particle Au-198 and Sc-46, respectively. The standard deviation error in both x and y dimension of tracer particle for various primary photon emissions are calculated and tabulated in Table I . For Au-198 particle trajectory, it is found that standard deviation error x direction is between 0.432 mm to 1.140 mm while standard deviation error in the y direction is between 0.522 mm to 0.814 mm which belongs to a different number of particles selected. Meanwhile, for Sc-46 particle trajectory, it is found that standard deviation error x direction is between 0.350 mm to 0.952 mm while standard deviation error in y direction is between 0.332 mm to 0.638 mm which belongs to a different number of particles selected. This standard error is better than earlier reported work by Mosorov [10] where the x and y-direction are 1.53 mm and 1.47 mm calculated using MCNP5 code. As can be seen in Table I , the higher number of particles used in the algorithm for position reconstruction indicates that better accuracy can be achieve based on the numerical sorting of three minima similarities σmin1, σmin2, and σmin3 values (Eq. 6). By comparing both radioactive particle tracer mean error and standard deviation error, Sc-46 obtain more accurate calculation and show low statistical level than Au-198 in 2D and 3D reconstructed particle trajectory. This study proved that the position reconstruction algorithm method could be applied to obtain better precision results of calibration map especially for the case of the simulation of the practical condition. 
B. Sensitivity analysis and Tables
In RPT studies, the reconstruction of calibration map integrity is essential to obtain highly accurate and exact position of the radioactive particle as a function of time.
There are a few common sources of error that effect the position reconstruction accuracy such as statistical fluctuations, detector crystal parameter, poor detector arrangement, differences in flow volume fractions, high velocity moving phase, and electrical component noise. On the other hand, to increase the accuracy of position reconstruction, Roy [8] have proposed the optimisation strategy and assessment of quantifying uncertainties from calculated resolution and sensitivity either by improving the design of the experiments or by selecting the appropriate radioactive particle.
As the radioactive particle comes closer to the detector, a number of counts increases. Sensitivity increased when the number of detectors increased, but after using multiple detectors in the same plane, the increases in sensitivity is negligible. Resolution refers to the surrounding of uncertainty nearby particle position which a minimum distance between the nearest position of the radioactive particle. In principle, to minimise statistical errors in position reconstruction, the optimal number of detectors is used to maximise the sensitivity and minimise the resolution function. A significant analysis and discussion on the theoretical overall sensitivity, S, and resolution, R were presented by Roy [8] . The sensitivity relates to the changes of photon counts, C with small changes in the radioactive particle position, r. For single detector, sensitivity calculated as follow:
However, when multiple N, detector are used, the overall sensitivity, ST is obtained with the following relation:
This relationship represent the changes in recorded events in the radioactive particle positions and the resolution, R of a calibration map can be calculated as follow:
The statistical fluctuations of photons emitted by a radioactive particle promote the uncertainties in the reconstruction of the radiaoctive particle position. Therefore, these general errors of the count rates in each detector calibration and calculation should be observed while validating the reconstruction algorithm. The resolution of a single detector in simulated bubble column region illustrated in Fig. 11(a) . Fig. 11(b) show the resolution distribution of recorded photon counts when the radioactive particles are coordinated in the vertical plane passing through the column axis and perpendicular to the multiple NaI(Tl) detectors. The completely symmetric resolution distribution in multiple detectors gives better sensitivity values reported earlier by Roy [8] . relates to the time spent in the determination of detector response from calibration data, while the other limitation comes from the time spent in the determination of tracer position from real experimental obtained counts. Although the workstation consists of more than one core, it takes days to reconstruct tracer positions from complete experimental data even for laboratory scale reactors. Normally, computation of complex mathematical algorithm is very time-consuming to obtain accurate results. MCNPX fully supports parallel computing, which can be based on the Parallel Virtual Machine (PVM) or the Message Passing Interface (MPI). With the help of parallel implementations, MCNPX can also run on cluster systems. If the processors cannot all be used for calculation, it is not only a wasting of computer resource but also results in low performance. Parallel computing is a way to split a calculation to several parts running on different processors or computers at the same time. Since each processor is only in charge of one piece of the work, the performance could be improved significantly. Parallel computing needs the supports of both hardware and software. Processors and computers need to communicate with each other to distribute and to gather calculation parts.
In this current works, each 2600 input files of the conducted MCNPX simulations was performed on the HighPerformance Computing Facility (HPC) at Malaysian Nuclear Agency. Data are acquired simultaneously for the ten detectors. Six supercomputers with parallel processing capabilities consist of Six-Core AMD Opteron (TM) Processor 2435 Hex-Core @ 2.60 GHz comes with 16GB RAM each supported by LINUX OS are utilised with using Message Parsing Interface (MPI) parallelism technique in MCNPX applications. The computational time required in order to accomplish one simulation of each coordinate in the RPT setup was approximately equal to 96.68 min, 72.02 min, and 4.89 min, for a number of particles known as primary photon emissions N=10,000,000, N=8,000,000, and N=500,000, respectively. However, total computational time did not represent the entire simulation time because individual input code was run in parallel and distributed computing system. Therefore, the total time taken of the entire simulation was equal to 36 to 700 hours depending on the implemented number of particles while running MCNPX applications with support from parallel computing methods.
In planning the whole MCNPX calculation, the total time of completion for 2600 coordinates has been estimated by simulating one of the coordinates at a different number of particles as tabulated in Table II . This planning is essential to determine the best number of particles used in MCNPX simulation and to minimise the number of mathematical calculation errors as shown in Fig. 12 . Fig. 12 indicates that increasing the number of particles use in the simulation proved the mathematical error could be reduced. This result proved that by acquiring longer time for measurement will reduce the mathematical errors and statistical fluctuation in the collected data. However, the calculation time should be considered before performing whole calculations to avoid calculation system software crashed during the simulations due to overload data. In preventing this problem occurs, the use of powerful computational hardware and capability is required to ensure the quality of the output of the simulation. V. CONCLUSION
The RPT particle position reconstruction method was developed by utilising the MCNPX code. It enables to carry out the calibration procedure in the RPT technique more accurate. The MCNPX code, which is based on an existing Monte-Carlo method, carries out calculations of a distancecount map for each of ten detectors simultaneously and more accurate as it includes all dominant mechanisms of photon interaction with matter itself. Additionally, an algorithm model has been employed for reconstruction of the trace position. The method was successfully applied to model the motion and simulated spiral trajectory of the single particle radioactive tracer Au-198 and Sc-46. The accuracy of the system was defined based on the standard deviation errors between the reconstructed test particle trajectories and the real ones. A sensitivity and resolution analysis were also discussed to demonstrate the proximity of measurement results to the actual value of the calibration method. The benefits of this study proven that the accuracy of the RPT techniques depends practically on the position reconstruction algorithm and the amount of employed reference data. Finally, these 26,000 reconstructed tracer particle histories (calibration map) is ready for tracking the real time particle positioning to visualize motion of phase during post-processing works on RPT inspection. 
